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Background: Scorpion venoms are an ample source of toxins targeting potassium channels.
Results: A comprehensive search for new toxins was performed by combining transcriptomics and peptidomics with a fluores-
cent test system.
Conclusion: We identified five new high affinity potassium channel blockers in the venom of Mesobuthus eupeus.
Significance: The proposed integrated approach is of general utility for potassium channel pharmacology.

The lesser Asian scorpion Mesobuthus eupeus (Buthidae) is one
of the most widely spread and dispersed species of the Mesobuthus
genus, and its venom is actively studied. Nevertheless, a consider-
able amount of active compounds is still under-investigated due to
the high complexity of this venom. Here, we report a comprehen-
sive analysis of putative potassium channel toxins (KTxs) from the
cDNA library of M. eupeus venom glands, and we compare the
deduced KTx structures with peptides purified from the venom.
For the transcriptome analysis, we used conventional tools as well
as a search for structural motifs characteristic of scorpion venom
components in the form of regular expressions. We found 59 can-
didate KTxs distributed in 30 subfamilies and presenting the cys-
teine-stabilized �/� and inhibitor cystine knot types of fold. M.
eupeus venom was then separated to individual components by
multistage chromatography. A facile fluorescent system based on
the expression of the KcsA-Kv1.1 hybrid channels in Escherichia
coli and utilization of a labeled scorpion toxin was elaborated and
applied to follow Kv1.1 pore binding activity during venom separa-
tion. As a result, eight high affinity Kv1.1 channel blockers were
identified, including five novel peptides, which extend the panel of
potential pharmacologically important Kv1 ligands. Activity of the
new peptides against rat Kv1.1 channel was confirmed (IC50 in the
range of 1–780 nM) by the two-electrode voltage clamp technique
using a standard Xenopus oocyte system. Our integrated approach
is of general utility and efficiency to mine natural venoms for KTxs.

Found throughout the tree of life, potassium channels are
probably one of the most fundamental components of cells.
Voltage-gated potassium channels (Kv)3 control membrane
potential in both electro-excitable and nonexcitable cells, and
are the key players in shaping the action potential in neurons
and muscle cells (1). It is therefore not surprising that these
channels are targets for a variety of toxins from venomous ani-
mals (2) and are involved in many pathological processes (3).

In particular, the voltage-gated Kv1.1 channel is widely
expressed in the nervous system and plays an important role in
controlling neuronal excitability (4). In some disorders (multi-
ple sclerosis and spinal cord injury), Kv1.1 channels become
exposed at juxtaparanodal sites and thus largely prevent elec-
trical conduction along neurons. In these cases, blocking of
Kv1.1 channels alleviates disease symptoms (5, 6). Recently,
involvement of Kv1.1 channels in proliferation of tumor cells
was revealed in vitro (7) and confirmed in vivo (8). An anti-
tumor effect was achieved with dendrotoxin-�, a selective
blocker of Kv1.1 channels, suggesting that Kv1.1 can be consid-
ered as an emerging target in cancer therapy (9).

A search for new specific Kv1.1 channel ligands will contrib-
ute to the study of structure and function of these channels and
will provide new pharmacological tools. Moreover, potent and
specific blockers need to be discovered to avoid possible toxic
side effects in clinical practice.

Some venomous creatures, including sea anemones, scorpi-
ons, spiders, and snakes, produce powerful blockers of potas-
sium channels. Usually, these molecules are peptides contain-
ing several disulfide bridges (2). Two modes of Kv blockage may
be delineated, namely physical occlusion of the ion-conducting
pore (in the case of pore blockers) and inhibition of the channel
activation by voltage sensor trapping (in gating modifiers) (10).
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Importantly, some of the toxins display remarkable selectivity
with respect to different potassium channel isoforms (11–15), a
property that justifies their potential as drug leads (16). Alter-
natively, high selectivity may be achieved by means of chemical
modification and targeted or random mutagenesis of natural
peptide molecules (17–20).

Scorpion venoms are a particularly ample source of toxins
that specifically affect potassium channels (21). Potassium
channel pore blockers from scorpions described thus far are
known to belong to at least five types of fold as follows: (i)
cysteine-stabilized �/� motif (CS�/�) (22); (ii) inhibitor cystine
knot (ICK) (23); (iii) Kunitz bovine pancreatic trypsin inhibitor-
type fold (14); (iv) �-helical hairpin with two disulfide bridges
(CS�/� 2(S-S)) (24); and (v) �-helical hairpin with three disul-
fide bridges (CS�/� 3(S-S)) (25). The most populated class is
CS�/�, in turn consisting of the following three families: �-, �-,
and �-KTx (26). The �-KTx family is the most numerous and
currently includes at least two dozen subfamilies that are num-
bered consecutively: �-KTx 1, �-KTx 2, etc. Many of �-KTxs
are potent blockers of Kv1 channels with nano- and sub-nano-
molar affinity.

Traditional approach to screening and study of Kv blockers
from scorpion venom necessitates bioactivity-guided purifica-
tion of the active compounds by the means of multistage chro-
matography as well as utilization of electrophysiology to evalu-
ate their blocking activity. The purified individual compounds
are then subjected to protein sequencing. More recently,
venom gland transcriptomics was introduced to aid high
throughput sequencing of scorpion toxins (27–29). The recov-
ered sequence information from a transcriptome database is
then analyzed based on identified similarities with the already
known toxins.

Here, we present a comprehensive study on the variability of
Kv1.1 blockers in the venom of the scorpion Mesobuthus
eupeus. We combined venom gland transcriptomics and com-
putational analysis with multidimensional chromatography
and mass spectrometry. To streamline bioactivity tests, we
developed a fluorescent system based on bacterial expression of
hybrid KcsA-Kv1.1 channels and operating in the facile “mix
and read” mode. The KcsA-Kv1.1 system was utilized by us to
search for Kv1.1 ligands in M. eupeus venom. Proving that our
integrated approach is a powerful method to discover KTxs in
scorpion venoms, we report on 59 candidate KTxs encoded in
M. eupeus cDNA and five novel Kv1.1 blockers found in the
venom.

EXPERIMENTAL PROCEDURES

cDNA Library Construction and Analysis—All stages of
cDNA library construction were completed in collaboration
with DuPont Agriculture and Nutrition as described earlier
(30). Briefly, venom glands of M. eupeus were harvested,
homogenized, and lysed by TRIzol (Life Technologies).
Poly(A)� RNA was purified with the mRNA purification kit
(Amersham Biosciences). First- and second-strand cDNA syn-
thesis, linker addition, and cloning into pBlueScript SK� were
all carried out according to the Stratagene cDNA kit. cDNA was
purified using a cDNA column (Life Technologies). Sequencing
was performed using the M13 forward primer by the ABI

PRISM BigDye Terminator Cycle Sequencing Ready reaction
kit with AmpliTaq DNA polymerase, FS (PerkinElmer Life Sci-
ences), on a model 373 DNA sequencer (Applied Biosystems).

Common structural motifs of peptides with specific cysteine
spacing can be presented through appropriate regular expres-
sions and sequences of characters and metacharacters that
form a search pattern. cDNA sequences were translated with an
on-line tool from The Sequence Manipulation Suite. Notepad��
version 5.9 (Notepad�� team) was used to search peptides with
specific cysteine spacing. Searches were performed using the
following regular expressions: MX∞CX3CX∞Cy1CX∞* for
CS�/� and CS�/� 3(S-S); MX∞CX6CX5CCX∞* for ICK;
MX∞CX24CX20CX3CX∞* for Kunitz bovine pancreatic trypsin
inhibitor-type fold; and MX∞Cy3Cy∞Cy3Cy∞* for CS�/� 2(S-
S), where M is methionine and C is cysteine; X is any amino
acid; y is any amino acid excluding cysteine; and * indicates the
stop codon. Subscripts show the number of amino acid resi-
dues, and ∞ indicates any number of amino acids.

The obtained sequences were aligned and grouped using
ClustalW2. BLAST (blast.ncbi.nlm.nih.gov) was used for
search and comparison with known related amino acid
sequences. SignalP 4.1 program was used not only for identifi-
cation of putative typical N-terminal signal peptides but also for
detection of nonsense and incomplete sequences without signal
peptides. Phylogenetic trees were constructed in MEGA6 (31)
using the neighbor-joining method (32).

Venom Separation—All venom separation procedures, toxin
purification, modification, and sequencing were performed
according to our detailed protocols that can be found elsewhere
(33). Crude venom of M. eupeus (4 mg of freeze-dried powder)
was dissolved in 300 �l of deionized water and centrifuged in
Ultrafree-MC centrifugal filter units (with a 30-kDa nominal
molecular mass cutoff, Millipore). The flow-through was frac-
tionated using size-exclusion chromatography on a TSK
2000SW column (7.5 � 600 mm, 12.5-nm pore size, 10-�m
particle size; Toyo Soda Manufacturing). The eluent contained
10% acetonitrile in 0.1% aqueous trifluoroacetic acid (TFA).
Chromatography was performed using a flow rate of 0.5
ml/min, and effluent absorbance was monitored at 210 nm.
Active fractions were separated by reverse phase-HPLC (RP-
HPLC) on a Vydac 218TP54 C18 column (4.6 � 250 mm, 30-nm
pore size, 5-�m particle size; Separations Group) using a
60-min linear gradient of acetonitrile concentration (0 – 60%)
in 0.1% TFA at a flow rate of 1 ml/min. In this case absorbance
was monitored at 210 and 280 nm. At the final step all active
components were purified on the same Vydac column using a
90-min linear gradient of solvent containing 50% acetonitrile
and 20% isopropyl alcohol in 0.1% TFA or 50% acetonitrile in 10
mM Tris-HCl (pH 7.0).

Mass Spectrometry—For molecular mass measurements an
Ultraflex TOF-TOF (Bruker Daltonik GmbH) spectrometer
was used as described (34).

Reduction of Disulfide Bonds and Modification of Thiol
Groups—Purified peptides were reduced-alkylated following all
steps as recommended in Ref. 33. Modified peptides were sub-
jected to separation by RP-HPLC on a Jupiter C5 column (4.6 �
250 mm, 30-nm pore size, 5-�m particle size; Phenomenex)
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using a 60-min linear gradient of acetonitrile concentration
(5– 60%) in 0.1% TFA at a flow rate of 1 ml/min.

Cleavage of N-terminal Pyroglutamic Acid Residue—Pyro-
glutamate residues were removed from N-terminally blocked
peptides by pyroglutamate aminopeptidase following the pub-
lished guidelines (33). The products were isolated by RP-HPLC
on a Vydac C18 column using a 60-min linear gradient of ace-
tonitrile concentration (0 – 60%) in 0.1% TFA at a flow rate of 1
ml/min.

Peptide Sequencing—The N-terminal amino acid sequences
of modified peptides were determined by automatic Edman
degradation using a Procise Model 492 protein sequencer
(Applied Biosystems) according to the protocol recommended
by the manufacturer.

Concentration Measurements—Peptide concentrations were
determined by UV spectrophotometry. Absorbance was mea-
sured at 280, 274.5, and 205 nm for peptides that contain tryp-
tophan, tyrosine but no tryptophan, and do not contain either,
respectively. For tryptophan-containing peptides, molar
extinction coefficients at 280 nm were calculated using the
GPMAW software (Lighthouse Data, Denmark). For peptides
containing tyrosine but no tryptophan, molar extinction coef-
ficients at 274.5 nm were calculated assuming the value of
1340 M�1cm�1 for each tyrosine residue. Finally, for peptides
containing neither tyrosine nor tryptophan, molar extinction
coefficients at 205 nm were calculated as described (35).

KcsA-Kv1.1 Binding Studies—Recombinant kaliotoxin-1
(KTX), tetraethylammonium chloride (TEA), 4-aminopyridine
(4AP), and lysozyme from chicken egg white were from Sigma.
Recombinant agitoxin-2 (AgTx2) and AgTx2 labeled using
5(6)-carboxytetramethylrhodamine N-succinimidyl ester (R-
AgTx2) were produced and purified as described earlier (36).
Recombinant OSK1 was produced as described elsewhere (36).

E. coli BL21(DE3) cells that express KcsA-Kv1.1 proteins in
the inner membrane were obtained as described earlier (37, 38).
Cell cultivation and preparation of spheroplasts were per-
formed as described elsewhere (36).

For binding experiments, KcsA-Kv1.1-presenting sphero-
plasts were diluted with buffer containing 50 mM Tris-HCl (pH
7.5), 0.25 M sucrose, 0.3 mM EDTA, 4 mM KCl, 50 mM NaCl, 10
mM MgCl2, and 0.1% BSA up to a concentration of 1000 cells/
�l. The spheroplasts were incubated with 7.3 nM fluorescently
labeled R-AgTx2 in the presence of venom samples (crude
venom, venom fractions, and subfractions). Nonlabeled AgTx2
(10 nM) or pure buffer was added to spheroplasts instead of
venom samples as a positive and negative control, respectively.
For competitive binding, KcsA-Kv1.1-presenting spheroplasts
were incubated with R-AgTx2 (9 nM) and increasing concen-
trations of known pore blockers (AgTx2, OSK1, KTX, TEA, or
4AP) or purified MeKTx13-2. Reaction mixtures were incu-
bated for 90 min with continuous stirring at room temperature,
then placed in a 12-well flexiPERM silicon chamber (Perbio)
attached to a coverslip, and centrifuged for 6 min at 200 � g.

Fluorescence imaging was performed using an inverted laser
scanning confocal microscope LSM 710 (Carl Zeiss) with an �
Plan-Apochromat oil immersion objective (63�, NA 1.46). Flu-
orescence of R-AgTx2 was excited by a He-Ne laser (543.5 nm,
12 microwatts on the sample), and emission was registered

within the range of 550 – 685 nm. Quantitative analysis of
R-AgTx2 binding to spheroplasts was performed at �0.25 �m
lateral and 1.5 �m axial resolution, and all parameters of the
measurements that could affect the intensity of the detected
signal were fixed. The ImageJ software (National Institutes of
Health) was used for spheroplast identification and estimation
of average fluorescence signal intensity per cell (If). For each
data point, If values of 150 –200 spheroplasts were averaged to
get the Iav value, and standard deviation was calculated. All
experiments were repeated two or three times.

Expression of Voltage-gated Ion Channels in Xenopus laevis
Oocytes—For the expression of the rat channel rKv1.1 in Xeno-
pus oocytes, its gene was transcribed using the mMESSAGE
mMACHINE T7 transcription kit (Ambion). The harvesting of
stage V to VI oocytes from an anesthetized female X. laevis frog
was described previously (39). Oocytes were injected with 50 nl
of cRNA at a concentration of 1 ng/nl using a micro-injector
(Drummond Scientific). The oocytes were incubated in ND96
solution containing the following: 96 mM NaCl, 2 mM KCl, 1.8
mM CaCl2, 2 mM MgCl2, and 5 mM HEPES (pH 7.4), supple-
mented with 50 mg/liter gentamycin sulfate.

Electrophysiological Recordings—Two-electrode voltage clamp
recordings were performed at room temperature (18 –22 °C)
using a Geneclamp 500 amplifier (Molecular Devices) con-
trolled by a pClamp data acquisition system (Axon Instru-
ments) as described (13). Whole-cell currents from oocytes
were recorded 1– 4 days after injection. Oocytes were kept in
ND96. Voltage and current electrodes were filled with 3 M KCl.
Resistances of both electrodes were kept in the range of 0.7–1.5
megohms. The elicited currents were filtered at 500 Hz and
sampled at 2 kHz using a four-pole low-pass Bessel filter. Leak
subtraction was performed using a –P/4 protocol. Kv1.1 cur-
rents were evoked by 250-ms depolarization to 0 mV followed
by a 250-ms pulse to �50 mV from a holding potential of �90
mV.

To investigate the current-voltage relationship, currents
were evoked by 10-mV depolarization steps from a holding
potential of �90 mV. The values of IK were plotted as a function
of voltage and fitted using the Boltzmann Equation 1,

IK/Imax � �1 � exp��V1/ 2 	 V�/k���1 (Eq. 1)

where Imax represents maximal IK; V1⁄2 is the voltage corre-
sponding to half-maximal current; and k is the slope factor.

To assess the concentration dependence of the toxin-in-
duced inhibitory effects, a concentration-response curve was
constructed, in which the percentage of current inhibition was
plotted as a function of toxin concentration. Data were fitted
with the Hill Equation 2,

y � 100/�1 � �IC50/�C	�h� (Eq. 2)

where y is the amplitude of the toxin-induced effect; IC50 is the
toxin concentration at half-maximal inhibition; [C] is the toxin
concentration; and h is the Hill coefficient. Comparison of two
sample means was made using a paired Student’s t test (p 

0.05). All data represent at least three independent experiments
(n 
 3) and are presented as means � S.E.
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RESULTS

Assembling and Analysis of cDNA Database from M. eupeus
Venom Glands—A raw cDNA library from the lesser Asian
scorpion Mesobuthus eupeus (Buthidae) venom glands was
obtained using a conventional approach (30). The total number
of cDNA sequences in the database was 1911, and the number
of corresponding putative peptide sequences was 11,466 (trans-
lation was performed in three frames, both direct and reverse).

To search for putative scorpion toxin-like peptides, all these
sequences were transferred to Notepad�� software and ana-
lyzed using the Search tool through regular expressions. As a
result, we obtained 244 sequences of putative CS�/� peptides, 4
of ICK, and 4 of CS�/� 2(S-S) toxins satisfying the search con-
ditions (252 sequences in total). All these sequences were ana-
lyzed by the SignalP 4.1 program and BLAST. Those sequences
that did not contain a putative signal peptide were rejected. The
remaining 155 sequences were analyzed using BLAST to
remove identical entries, and finally we identified 133 unique
sequences. Among these, three sequences show a typical ICK
signature, and 130 sequences conform to the CS�/� structural
fold. We distinguish the following groups of CS�/� peptides: 56
KTxs; 64 sodium channel toxins; 3 chlorotoxin-like peptides;
and 7 sequences with no significant similarity with known tox-
ins. Proper sequences for CS�/� 2(S-S) and Kunitz-type toxins
were not found.

The main stages of the search process and the distribution of
putative toxins among different taxonomic and structural
groups are presented in Fig. 1. All cDNA sequences coding for
putative KTxs were submitted to GenBankTM (translated se-
quences are shown in Table 1).

Classification of Putative Toxins and Comparison with
Reviewed Potassium Channel Blockers—All deduced KTx pre-
cursors were aligned using ClustalW2 and divided into 30

groups (from one to four members in each group) according to
their amino acid sequences similarity. Putative toxin precursors
were named pMeKTx, where p is precursor; Me is M. eupeus;
and KTx is potassium channel toxin. Using SignalP 4.1, typical
signal peptides were predicted. For some precursors, it was
impossible to identify signal peptides definitely, so we consid-
ered several most probable alternatives of signal peptide cleav-
age. For example, in the case of pMeKTx1-1, SignalP indicates
that the signal peptide ends with Thr-19 or Ala-28, and
although according to the program the most probable variant is
cleavage after Thr-19, a mature peptide starting from Val-29
was actually purified from the venom (see below). For two pre-
cursors pMeKTx8-1 and pMeKTx20-1b, signal peptides were
not detected by SignalP (in both cases no putative cleavage site
was found). Nevertheless, in both cases signal peptides were
inferred from homology. Moreover, these sequences showed all
attributes of toxin-like peptides and were not rejected from the
analysis. All new sequences were analyzed by BLAST to search
for homologs, and in Table 1 the most closely related peptides
found in public databases are shown for each group. Most of the
obtained sequences are members of different well described
groups such as �-KTx-1, �-KTx, �-KTx-2, etc. Some pMeKTxs
are similar to sequences that were found in transcriptomes of
scorpions belonging to the Buthidae family but were not puri-
fied from venom. A small fraction of putative toxins demon-
strates low homology with reviewed sequences in UniProt or
even absence of similarity to the known sequences.

Development and Characterization of Analytical KcsA-Kv1.1
System—KcsA-Kv1.1 chimeric protein is able to bind peptide
pore blockers of human Kv1.1 channels due to the transfer of
the toxin-binding site from Kv1.1 into the corresponding
region of the bacterial potassium channel KscA (36 –38, 40).
KcsA-Kv1.1 was obtained by substituting a part of the KcsA

FIGURE 1. Stages of identification of putative toxins in the M. eupeus cDNA database, and their distribution among different structural and functional
groups. Raw cDNA sequences were translated and analyzed using regular expressions. Then toxin-like sequences were identified by the presence of a signal
peptide, and iterative sequences were rejected. Putative toxins were divided in four groups (potassium and sodium channel toxins, chlorotoxin-like pep-
tides, and others). The different families of assigned KTXs are indicated at right. For all families and groups, the total numbers of identified sequences are
shown.
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P-loop (52RGAPGAQLITYPR64) with a homologous region
from Kv1.1 (349AEEAESHFSSIPD361). KcsA-Kv1.1 is readily
expressed in E. coli and forms tetramers in the plasma mem-
brane with the outer pore vestibule of the channel oriented

extracellularly. Spheroplasts prepared from E. coli cells with
membrane-embedded KcsA-Kv1.1 bind specifically fluores-
cently labeled agitoxin-2 (R-AgTx2) (38). Therefore, R-
AgTx2 and spheroplasts bearing KcsA-Kv1.1 can be used as

TABLE 1
Putative KTx precursors identified in M. eupeus transcriptome
Sequences were classified into 30 subfamilies according to their amino acid sequence similarity. The most similar sequences of known KTxs from this or other scorpions
are included in each group for comparison. Predicted signal peptides are underlined. Dotted lines indicate alternative signal peptide processing. Prosequences are in italics.
Differences are shaded. E, peptides identified in this work; Œ, previously; and ●, previously and in this work.
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components of a fluorescent system for investigation of Kv1.1
ligands just as it was realized recently for the KcsA-Kv1.3 sys-
tem (36).

Specific binding of R-AgTx2 to spheroplasts bearing KcsA-
Kv1.1 is detected with laser scanning confocal microscopy (Fig.
2A) and characterized with (i) an average fluorescence signal
intensity per cell (If) for each measured spheroplast and (ii)
parameter Iav for a particular spheroplast sampling (Iav is equal
to If averaged over this sampling). Dependence of Iav on the
concentration of added R-AgTx2 (Fig. 2E) presents a shape that
is typical for saturation binding curves observed in fluorescent
and radioligand analyses of ligand-receptor interactions. Non-
specific binding of R-AgTx2 to native E. coli spheroplasts or to
spheroplasts presenting KcsA was not observed. All sphero-
plasts bearing KcsA-Kv1.1 were stained with R-AgTx2 (Fig.
2A), and frequency distribution of If is described by a normal
(Gaussian) distribution (Fig. 2B). This means that the sphero-
plast population is uniform in terms of the amount of mem-
brane-embedded KcsA-Kv1.1, and the parameter Iav is valid to
estimate the average quantity of complexes between R-AgTx2
and KcsA-Kv1.1.

Influence of particular buffer components on ligand binding
to KcsA-Kv1.1 was characterized. We found that the binding of
R-AgTx2 to spheroplasts bearing KcsA-Kv1.1 depends on the
concentration of KCl and NaCl (Fig. 2, C and D). A monotonic
decrease in R-AgTx2 binding with the increase in NaCl concen-
tration can be explained by a negative influence of ionic
strength. In contrast, R-AgTx2 binding to KcsA-Kv1.1 has a
maximum at �4 mM KCl. Low concentrations of potassium
ions enhance ligand binding to both natural and artificial Kv1
channels (36, 41, 42), whereas high KCl concentrations produce
a trivial effect of ionic strength. Our experiments revealed that
sucrose (up to 0.25 M) and BSA (0.1%) do not affect interactions
between R-AgTx2 and KcsA-Kv1.1 (data not shown).

To simplify the quantitative analysis of ligand-receptor inter-
actions, the titration of receptors with a ligand was performed

at the condition of [L] �� [R], where [L] and [R] are concentra-
tions of a ligand and receptor, respectively. The saturation
binding curves did not depend on the concentration of cells (i.e.
KcsA-Kv1.1 receptors, Fig. 2E) in the range from 3000 to 30,000
cells/�l and therefore met the condition of [L] �� [R]. In this
case, Equation 3 can be applied,

Iav([L]) � Isat[L]/�Kd � �L	� (Eq. 3)

where [L] is R-AgTx2 concentration, and Isat is equal to the Iav
value at the plateau. The Kd value for the complexes between
R-AgTx2 and KcsA-Kv1.1 was estimated to be 3.4 � 0.9 nM.

Further characterization of the new system revealed that
Kv1.1 ligands such as AgTx2, OSK1, KTX, and TEA compete
specifically with R-AgTx2 for binding to KcsA-Kv1.1 (Fig. 2F).
The competitive binding curves of R-AgTx2 displacement by
Kv1.1 ligands were measured when the concentration of free
R-AgTx2 was much higher than that of the bound ligand and
analyzed with Equation 4,

Iav � Im/�1 � 10�Ig�C	 	 Ig�InC50��� (Eq. 4)

where [C] is the concentration of the added competitive ligand;
Im is Iav at [C]  0, and InC50 is the ligand concentration that
displaces 50% of R-AgTx2 from the complex with KcsA-Kv1.1.
The estimated InC50 values were used to calculate the apparent
dissociation constants (Kap) of competitive ligands as shown in
Equation 5,

Kap � InC50/�1 � �L	/�Kd	� (Eq. 5)

Binding of high affinity OSK1 and KTX, and low affinity TEA
to KcsA-Kv1.1 is characterized with Kap values that are close to
the corresponding Kd values obtained for these ligands in patch
clamp measurements on Kv1.1 channels (Table 2). Binding of
TEA to KcsA-Kv1.1 was observed because it has a binding site
in the outer vestibule of Kv (43) in addition to another site
situated in the inner cavity of the pore (44, 45). As expected, the

TABLE 1—continued
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internal pore blocker 4AP did not compete with R-AgTx2 for
binding to KcsA-Kv1.1 channel up to the concentration of 5
mM.

We therefore conclude that the new analytical system (i) rec-
ognizes both peptide and low molecular weight ligands that
bind to the extracellular vestibule of Kv1.1, (ii) discerns high
and low affinity pore blockers, (iii) provides correct estimation

of ligand affinity to Kv1.1, and (iv) supplements the previously
developed analytical system targeted to Kv1.3 ligands.

Venom Fractionation—Crude venom of M. eupeus was frac-
tionated according to our common protocol (33). We used the
KcsA-Kv1.1 setup for screening M. eupeus venom components
to detect novel Kv1.1-specific toxins. On the first step,
venom components were separated to three broad fractions
using size-exclusion chromatography (I–III, see Fig. 3A).
These fractions were tested for the ability to bind to KcsA-
Kv1.1 hybrids, and activity was observed only in fraction II
(Fig. 3C). Negative results, which were obtained for fractions
I and III, indicated that these fractions contained no high
affinity Kv1.1 ligands.

To isolate active components, fraction II was subjected to
separation by RP-HPLC (Fig. 3B). As a result, 40 subfractions
were obtained and tested against KcsA-Kv1.1 (Fig. 3D). Six sub-
fractions (named A–F) competed specifically with R-AgTx2 for
binding to the hybrid channels and were enriched in active
components. Small inhibition effects were observed in some
neighboring subfractions due to the contamination with active

FIGURE 2. Characteristics of a cellular system for the search and study of Kv1.1 pore ligands that is based on KcsA-Kv1.1-bearing spheroplasts. A,
distribution of complexes between R-AgTx2 and KcsA-Kv1.1 at the membrane of spheroplasts measured with laser scanning confocal microscopy. The bar
corresponds to 4 �m. B, frequency distribution of parameter If measured for KcsA-Kv1.1-bearing spheroplasts preincubated with R-AgTx2 (10 nM). Data were
fitted with a normal (Gaussian) distribution (R2  0.98). C, effect of KCl concentration on the binding of R-AgTx2 (19 nM) to KcsA-Kv1.1 in buffer A supplemented
with 50 mM NaCl. D, effect of NaCl concentration on the binding of R-AgTx2 (6 nM) to KcsA-Kv1.1 in buffer A supplemented with 4 mM KCl. E, saturation curves
of R-AgTx2 binding to KcsA-Kv1.1 in buffer A supplemented with 50 mM NaCl and 4 mM KCl at different concentrations of spheroplasts. The inset shows a zoom
on the saturation curves in the range of low R-AgTx2 concentrations. Circles refer to 3000 cells/�l, and squares refer to 30,000 cells/�l. F, competition between
R-AgTx2 (9 nM) and different ligands for binding to KcsA-Kv1.1-bearing spheroplasts in buffer A supplemented with 50 mM NaCl and 4 mM KCl. Content of buffer
A is as follows: 50 mM Tris-HCl, 0.25 M sucrose, 0.3 mM EDTA, 10 mM MgCl2, 0.1% BSA (pH 7.5).

TABLE 2
Affinities of ligands to KcsA-Kv1.1 and native Kv1.1 channels mea-
sured with different methods

Kap (KcsA–Kv1.1) Kd (Kv1.1)

nM nM

AgTx2 3.0 � 0.8 0.13a

OSK1 0.64 � 0.18 0.6b

KTX 31 � 9 41c

TEA (0.6 � 0.2) � 106 0.3�106c

4AP �5 � 106 0.29�106c

a Voltage clamp measurements on rat Kv1.1 channels expressed in Xenopus
oocytes (19).

b Patch clamp measurements on murine Kv1.1 channels expressed in COS-7 cells
(72).

c Patch clamp measurements on murine Kv1.1 channels expressed in the L929 cell
line (73).
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components. Subfractions 28 and 29 were characterized by a
weak and unstable ability to reduce signal intensity, but they
did not compete with R-AgTx2 in a concentration-depen-
dent manner.

The second round of RP-HPLC led to the purification of
active components in individual state. For this, a 90-min linear
gradient of solvent containing 50% acetonitrile and 20% isopro-
pyl alcohol in 0.1% TFA was used. Each of the subfractions A, D,
E, and F contained a single active component. In subfraction C,
two active components (C1 and C2) were identified (Fig. 3, F

and G). Subfraction B also contained two active components
(B1 and B2), but they could not be separated even after the
second round of RP-HPLC. We therefore modified the purifi-
cation strategy by using a different eluent (50% acetonitrile in
10 mM Tris-HCl (pH 7.0)), and we successfully separated B1
and B2 (Fig. 3, E and G).

In total, eight Kv1.1 blockers were detected and purified
from the venom of M. eupeus. Homogeneity of the active
compounds A, B1, B2, C1, C2, D, E, and F was confirmed by
MALDI-MS.

FIGURE 3. M. eupeus venom fractionation and analysis with the spheroplast-based fluorescent system. A, separation of the crude venom into three
fractions with size-exclusion chromatography on a TSK 2000SW column. Fractions are indicated by roman numerals. B, separation of fraction II into subfractions
using RP-HPLC in a linear gradient of acetonitrile. Active subfractions are indicated by capital letters. C, D, and G, fluorescence intensity distribution of
KcsA-Kv1.1 presenting spheroplasts. Pure buffer (N, negative control), AgTx2 (10 nM; P, positive control), or venom fractions/subfractions/components were
added. Black bars indicate active fractions/subfractions/components; dark gray bars, subfractions that were contaminated with minor impurities of the active
components, and light gray bars represent inactive fractions/subfractions/components. E and F, additional round of RP-HPLC for subfractions B and C contain-
ing several active components that are indicated as B1 and B2 and C1 and C2.
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Analysis of M. eupeus Venom Profile and Sequencing of the
Novel Peptides—The following KTxs were previously found in
the M. eupeus venom: three �- (MeuKTx-1 (MeuTXK�1), Uni-
Prot accession number P86400; MeuKTx-3, P86396; and
MeuTx3B, D3JXM1) (46 – 48); one �- (MeuTXK-�-1, A9XE60)
(49), one �- (BeKm-1, Q9BKB7) (50), and one ICK motif-con-
taining toxin (�-MeuTx-1, P86399) (23). Whereas �- and
�-KTxs are known as very weak inhibitors of potassium chan-
nels, and �-KTxs are blockers of the ether-a-go-go-related gene
(ERG) family of potassium channels, our research was focused
on �-KTxs, the most representative and high affinity ligands.

In total, we identified five novel and three already described
active peptides in M. eupeus venom by a combination of RP-
HPLC, MS, and fluorescent assay (Table 3). Three known
�-KTxs (MeuKTx-1, MeuKTx-3, and MeuTx3B) were detected
in subfractions B, C, and F, respectively (corresponding to com-
ponents B1, C2, and F). Their identity was confirmed by partial
N-terminal Edman degradation, MS, and comparison of their
RP-HPLC retention times with published data.

Besides the known toxins, two additional active compo-
nents were observed in subfractions B and C. Component
B2 (MeKTx1-2) is a very close homolog of MeuKTx-1 with
two replacements (E8P and D20E), and component C1
(MeKTx13-3) shows an identical sequence with a toxin from a
related species Mesobuthus martensii (BmKTX, Q9NII7) (51).
The difference in one amino acid residue between BmKTX
(also from M. martensii) and MeuKTx-3 was identified in posi-
tion 28 (I28M).

The new peptides were sequenced by Edman degradation
and named as shown in Table 3; sequences were submitted to
UniProt. For toxins MeKTx11-3 and MeKTx11-1 (components
D and E), initial Edman sequencing failed due to N-terminal
blockage by a pyroglutamic acid residue (
Glu) originating
from glutamine (Gln). The blockage was removed using pyro-
glutamate aminopeptidase. MeKTx11-3 and MeKTx11-1
(components D and E) are close homologs with two amino acid
replacements (V9G and S37P). For toxins, MeKTx13-2,
MeKTx13-3, and MeuKTx-3 from subfractions A and C, the
C-terminal amidation was inferred by comparison of the exper-
imentally measured molecular masses with the calculated val-
ues based on amino acid sequences.

Activity of Novel Toxins—To confirm the pore blocking activ-
ity of five newly purified toxins the peptides were investigated
on rKv1.1 using the two-electrode voltage clamp technique. Fig.
4A shows the observed inhibition of rKv1.1 channels after
application of toxins MeKTx1-2, MeKTx11-1, MeKTx11-3,
MeKTx13-2, and MeKTx13-3. At a concentration of 50 nM,
MeKTx1-2 and MeKTx13-3 could inhibit completely the ion
current through rKv1.1 channels. The same concentration of
MeKTx13-2 and MeKTx11-3 reduced the current by �30 and
20%, respectively, although no activity was observed for
MeKTx11-1 (it should be noted that at higher concentrations
MeKTx11-1 did inhibit rKv1.1 channels).

Concentration-response curves were constructed for the five
tested toxins (Fig. 4B) and yielded the IC50 values of 1.9 � 0.2
nM for MeKTx13-3, 8.5 � 1.2 nM (MeKTx1-2), 90 � 2 nM

(MeKTx13-2), 135 � 10 nM (MeKTx11-3), and 780 � 60 nM

(MeKTx11-1).
The most potent toxin, MeKTx13-3, was used to further

investigate the characteristics of channel inhibition. To find out
whether the observed current inhibition is due to pore block or
rather to altered channel gating, the I-V curve was constructed
in control and in the presence of 1 nM toxin (Fig. 4C). The V1⁄2
value did not change, i.e. 3.7 � 1.6 mV in control and 2.1 � 1.5
mV in toxin conditions, respectively (n  4), testifying in favor
of direct pore block. rKv1.1 block occurred rapidly and was
reversible, because the current recovered quickly and com-
pletely upon washout (data not shown).

Finally, using KcsA-Kv1.1-presenting spheroplasts, MeKTx13-
2 was measured to have a Kap of 44 � 12 nM (Fig. 2F). This value
is similar to the IC50 value reported for rKv1.1-expressing
oocytes.

DISCUSSION

Utilization of Regular Expression-based Searches for Tran-
scriptome Analysis—Current research of scorpion venoms
more often includes transcriptomic data provided by the fast
development of DNA sequencing technologies (52, 53). Tran-
scriptome analysis can be easily performed, on the one hand,
and provides a high information content, on the other hand
(27). For several scorpion species such studies were carried out
and a large variety of peptides and proteins were thus predicted

TABLE 3
Kv1.1 ligands purified from the venom of M. eupeus
Components were identified exclusively in this work (E) or in this work as well as previously (●). Z, pyroglutamic acid residue.
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(54 –56). This set includes not only active venom components
(such as ion channel toxins, cytolytic peptides, and enzymes)
but also housekeeping proteins, some of which are responsible
for cellular metabolism (29). Of course, the main target of such
studies is different bioactive molecules and, in particular, toxins
interacting with potassium and sodium channels.

In this work, we investigated the transcriptomic data on the
diversity of potassium channel blockers and estimated the var-
iability of predicted peptides in venom glands of M. eupeus. Raw
transcriptome data can be analyzed using different strategies as
follows: (i) matching transcriptomic and proteomic data
obtained by MS or Edman sequencing; (ii) manually, i.e. when
every sequence from the database is examined separately; (iii)
by BLAST verification, i.e. when all sequences are compared
with the current databases; and (iv) through usage of regular
expressions, wherein specific motifs are located in primary
structures of translated proteins.

Manual analysis is of universal importance and can help to
annotate all target sequences from a transcriptome database. In
this approach, sequences are checked step by step using all pos-
sible tools; one obvious drawback is high time consumption.
BLAST verification enables fast comparison of an investigated
database with registered sequences from different global data-
bases. The limitation of this approach is a possible absence of
homologs for the new sequences in reference databases, which
is often the case for new venom components. Analysis through
regular expressions permits us to find sequences with different
patterns in primary structure. The disadvantage of this method

is that it does not allow identification of sequences without
certain specific motifs, even for the known polypeptides (for
example, linear peptides without any patterns). Moreover, pri-
mary structure motif does not necessarily correspond to a par-
ticular protein fold. For example, recently a potassium channel-
blocking peptide was described from Tityus trivittatus showing
typical CS�/� cysteine spacing with an unusual disulfide pat-
tern. This toxin adopts a novel fold named CS�/� (25). But as
opposed to BLAST, analysis of regular expressions allows one
to detect sequences sharing no homology but showing common
motifs. All potassium channel blockers from scorpion venoms
are disulfide-containing peptides, and relevant regular expres-
sions can be constructed for each type of motif. Therefore, this
strategy is suitable for determination of the Kv blocker
sequences.

Usage of KcsA-Kv1 Hybrid Channels in Bioassay-guided
Analysis of Scorpion Venoms—cDNA libraries constructed on
the basis of transcriptomic data afford significant gain in
sequence information, but the deduced components still
require confirmation of their presence in the venom, a major
problem in most “venomic” studies. Scorpion venoms are com-
plex mixtures, and deep investigation of the content of even one
species can take more than 30 years (57, 58). Different bioassay-
guided approaches are needed for targeted investigations of the
active compounds. Traditionally, ligand interactions with ion
channels are examined using electrophysiology (47) (voltage
clamp and/or patch clamp) and the radioligand binding assay
(59). Electrophysiology is considered as the “gold standard” in

FIGURE 4. Toxin activity studied by electrophysiology. A, representative traces of currents through Kv1.1 in control and after application of 50 nM toxin
(indicated with asterisks). B, concentration-response curves. IC50 values are listed. C, I-V relationship for MeuKTx13-3 indicates no modulation of the channel. V1⁄2

values are listed.
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ion channel research. Several high throughput screening sys-
tems were created on the basis of voltage clamp and patch
clamp techniques, but even now they are expensive and have
some critical limitations for use. The radioligand binding assay
is a robust method for a quantitative analysis of ligand-receptor
interactions, but currently it is rarely used because of strict reg-
ulations for work with radioactive substances. A modern safe
alternative for the radioligand binding assay is the fluorescence
detection analysis. Kv1 channels were studied using flow
cytometry (60), single molecule fluorescent microscopy (61),
and the analysis of membrane potential changes using fluores-
cent dyes and fluorescence readers (62). Recently, a convenient
fluorescent screening system based on KcsA-Kv1.3 hybrid
receptors was developed and applied successfully to screen
Orthochirus scrobiculosus venom for peptide toxins, which spe-
cifically target the pore region of Kv1.3 (36, 38). This system,
which represents an efficient, robust, and rapid binding assay, is
a powerful alternative to radioligand and patch clamp tech-
niques. Here, we report an analogous system designed to screen
for Kv1.1 pore blockers.

We performed all the relevant experiments to control the
stability and specificity of the toxin-receptor interaction. We

paid particular attention to the ability of the novel test system to
bind Kv1 family-specific ligands. KTX, AgTx2, OSK1, and TEA
compete with R-AgTx2 for binding to KcsA-Kv1.1 channels,
and the apparent dissociation constants (Kap) of these ligands
are in accordance with the data provided by other methods
(Table 2). Comparing these data, it is important to note that the
Kd value obtained for a ligand depends on measurement condi-
tions such as buffer composition, channel state, and type of
assay. Among tested ligands, only 4AP did not compete with
R-AgTx2 for binding to the pore region of KcsA-Kv1.1, because
4AP binds to the site located on the inner side of the channel
pore (44, 45). Another small organic molecule TEA can bind to
potassium channels on either side (43). These results provide
confirmatory evidence that the hybrid KcsA-Kv1.1 channel
possesses, in general, a Kv1.1 ligand affinity profile, and that the
novel test system based on KcsA-Kv1.1-expressing sphero-
plasts can be used for toxin screening.

Our screening approach is limited to ligands that bind to the
outer vestibule of the channel pore. Neither gating modifiers
nor ligands of cytoplasmic domains can be detected.

The sensitivity of the test system should also be considered. A
hypothetical 4-kDa ligand (an average mass of known peptide

FIGURE 5. Phylogenetic tree of mature KTxs obtained from the M. eupeus cDNA database. Assigned groups are shaded.
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pore blockers) with Kap  1 nM displaces �50% of R-AgTx2
(7.3 nM) from complexes with KcsA-Kv1.1 when its concen-
tration is �13 �g/liter. Fractions I and III were tested at

concentrations of �1 g/liter. Negative results (Fig. 3C) indi-
cate that these fractions contained none or apparently less
than 1.3 � 10�6%, 0.0013%, and 1.3% of KcsA-Kv1.1 ligands

FIGURE 6. Amino acid sequence alignment of several purified M. eupeus toxins with KTxs from other scorpions. Peptides are allocated into groups
according to sequence homology. Differences are shaded gray, and cysteine residues are in bold. Z, pyroglutamic acid residue. Putative disulfide bridges are
represented by lines. E, components described in this work; F, components described previously. Toxin phylogenetic trees constructed by neighbor-joining
algorithm are represented at right. A scale bar is shown below each tree.

Potassium Channel Blockers in Mesobuthus eupeus

12206 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 19 • MAY 8, 2015



by mass, having Kap of 1 pM, 1 nM, and 1 �M, respectively.
According to our estimations, negative results obtained for
the tested subfractions (Fig. 3D) mean that these subfrac-
tions were either unable to bind to KcsA-Kv1.1 or had Kap
�1 �M. All peptides detected by the novel test system were
confirmed to be pore blockers of Kv1.1. No false-positive
results were obtained due to careful re-examination of sub-
fractions with marginal activity.

The KcsA-Kv1.1 test system was applied by us in combina-
tion with classical chromatographic methods and MS analyses
for screening new blockers in M. eupeus venom. We tracked the
channel binding activity of venom components throughout all
the steps of separation (Fig. 3). Using this approach, we signif-
icantly reduced the amount of material needed to be tested and
the time of measurement as compared with the more conven-
tional methods. Screening of M. eupeus venom showed the
presence of several components having affinity to KcsA-Kv1.1
channels. Most of these components were predicted by tran-
scriptome analysis that simplified considerably the peptide
sequencing. Further voltage clamp experiments (Fig. 4) and
analysis of published data confirmed that all ligands found in M.
eupeus venom using KcsA-Kv1.1 hybrid channels are indeed
Kv1.1 pore blockers showing high affinity (with IC50 values
below 1 �M).

Variability of KTxs in M. eupeus—At present, more than 200
potassium channel blockers from scorpion venom have been
described and submitted to the UniProt database. Most of these
peptides were purified from crude venom directly and then
sequenced (63, 64), but several dozens of blockers were pre-
dicted from scorpion venom gland mRNA (53, 56, 65). Among
the five known structural motifs of potassium channel blockers
from scorpion venom (66), the dominating position belongs to
CS�/�. About 90% of all scorpion KTxs contain this motif, and
only less than about 10% of peptides show other fold types.
�-KTxs are the major family of CS�/� toxins comprising about
65% of all scorpion KTxs. The prime source of �-KTxs is scor-
pions from the Buthidae family (about 80% of all known
�-KTxs), and all other scorpion families contribute only about
20% of �-KTxs. All known �-KTxs (about 170 peptides) are
divided into more than 25 subfamilies.

Our transcriptomic data showed that a wide diversity of
potential KTxs is present in the M. eupeus venom. For a facile
representation of the relative similarity between KTx precur-
sors, an unrooted phylogenetic tree was constructed (Fig. 5).
According to amino acid sequence similarity, all predicted tox-
ins were included either in those subfamilies that were physio-
logically characterized or unassigned subfamilies (peptides
from unassigned subfamilies were found only in transcrip-
tomes). Analysis of current data in the field of KTxs from scor-
pion venom shows that almost all assigned subfamilies contain
KTxs targeting Kvs. Exceptions are subfamilies �-KTx 5,�-KTx
9, �-KTx 14, �-KTx 15, �-KTx 17, �-KTx 19, �-KTx 22, �-KTx
24, and �-KTx 25 that contain toxins either demonstrating
activity only on Ca2�-activated K� channels (KCa1 to KCa3), or
their targets are still uninvestigated. Kv1 blockers generally
belong to �-KTx 1– 4, �-KTx 6 – 8, �-KTx 10 –13, �-KTx 16,
�-KTx 18, �-KTx 20, �-KTx 21, and �-KTx 23 subfamilies
(21, 67).

We assigned 12 �-KTx subfamilies in the M. eupeus tran-
scriptome, and only four of those subfamilies (�-KTx 1, �-KTx
3, �-KTx 8, and �-KTx 16) are known to contain potent Kv1
blockers (Fig. 6). Indeed, further investigation of the venom,
purification, and sequencing of the peptides active on Kv1.1
demonstrated that all novel KTxs belong to those four subfam-
ilies. These toxins are short-chain peptides (from 29 to 38
amino acid residues long) and contain six cysteines forming
three intramolecular disulfide bridges. Several members of
�-KTx 3 bear C-terminal amidation that is the result of C-ter-
minal glycine processing. All sequences of the four subfamilies
present a key lysine residue at a conserved location (68). The
number of this lysine residue from the N terminus may be dif-
ferent and depends on sequence length, but in all cases it is the
first amino acid before the fourth cysteine.

Interestingly, among active KTxs in M. eupeus venom, we
found MeKTx13-3, which is identical to BmKTX, a peptide
purified earlier from M. martensii (69). It seems that the pres-
ence of identical peptides in the venom of different species is
common for scorpions; MeuTx3B from M. eupeus shows the
same amino acid sequence as MegKTx3 purified from
Mesobuthus gibbosus (48, 70); three peptides with the same
name butantoxin were identified in the venom of Tityus serru-
latus, Tityus trivittatus, and Tityus stigmurus (71).

Conclusion—The combination of venom gland transcrip-
tomics and computational analyses with multidimensional
chromatography and mass spectrometry is proved to be a
state-of-the-art approach to comprehensive investigation of
scorpion venoms, especially when it is supplemented with a
convenient tool for recognition of target activity, such as our
ligand-binding assay. The five novel peptides presented in this
communication are high affinity Kv1.1 channel blockers, which
extend the panel of potential pharmacologically important Kv1
ligands. Our integrated approach is of general utility and effi-
ciency to mine natural venoms for KTxs.
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